Sodium pump Inhibition in cardiac muscle cells is associated with changes in intracellular sodium, calcium, and hydrogen concentrations as well as in membrane ion transport activity. We examined further the functional relations among these entities using cultured chick ventricular cells. [Ca], and pH, were determined from fluorescence signals obtained from cells loaded with fura-2 or BCECF, respectively. Ouabain (100 fiM) elevated [Ca], eightfold and decreased pH, by 0.11 unit (a 30% increase in [H + ]). In the presence of 10 /uM ethylisopropylamiloride, a potent inhibitor of Na-H exchange, ouabain elevated [Ca], 3.5-fold and reduced pH, by 0.16 unit (a 48% increase in [H + ]). Exposure to sodium-free (sodium replaced with potassium) medium produced a twelvefold increase in [Ca], and a 0.12 pH unit decrease in pH,. In cells treated with 100 /xM ouabain, exposure to sodiumfree (lithium) medium resulted in a 22-fold sustained increase in [Ca], and a rapid intracellular acidification (pH 7.15 to 6.60). The effect of ouabain or sodium-free medium on pH, was abolished in calcium-free medium; addition of 1 mM Ca rapidly increased [Ca], and decreased pH,. In cells treated with subtoxic (3 /uM) or toxic (100 /xM) concentrations of ouabain, initial 2 4Na uptake rates were significantly greater than in control cells and were significantly reduced in the presence of 10 /iM ethylisopropylamiloride. We conclude that ouabain (100 fiM) produces 1) intracellular acidification as a result of sodium pump inhibition; 2) calcium accumulation via Na-Ca exchange, and 3) subsequent Ca-H interaction within the cell. The decrease in pH, stimulates H + efflux and Na + influx via Na-H exchange to limit further decline in pH, and to further augment [Na],, which tends to elevate [Ca], as a result of increased calcium accumulation via Na-Ca exchange. Thus, Na-H exchange may play an important role in the positive inotropic and also the toxic effects of cardiac glycosides.
C ardiac glycosides such as ouabain cause augmentation of intracellular sodium concentration as a result of inhibition of NaK-ATPase in cardiac muscle. 1 " 3 The increased [Na], then leads to increased accumulation of calcium via Na-Ca exchange, causing a positive inotropic or toxic effect. 467 An increase in cytosolic free calcium ([Ca],), whether produced by exposure to ouabain or to low extracellular sodium (NaJ medium has also been reported to cause a decrease in intracellular pH (pH,), presumably due to competition between Ca 2+ and H + for common intracellular binding sites. 8 "" However, the cellular and subcellular phenomena, as well as mechanisms underlying Ca-H interaction in cardiac muscle, are not fully understood.
Intracellular acidification produced by exposure to low Na 0 medium, or by NH 4 C1 prepulse, is followed by recovery of pH, provided that sodium is present in the extracellular medium." 12 These findings led to the proposal that Na-H exchange is an important mecha-nism for pH, homeostasis. Indeed, intracellular acidification was shown to lead to H + efflux and Na + influx via Na-H exchange in cultured chick heart cells,' 3 consistent with the role of Na-H exchange in pH, recovery. 1415 Ouabain-induced elevation of [Na], may, therefore, involve two distinct mechanisms: inhibition of the sodium pump and increased entry of sodium via Na-H exchange as a result of intracellular acidification. Inhibition of the sodium pump, however, would be prerequisite to an increased sodium influx via Na-H exchange. An increased sodium influx via Na-H exchange, by further elevating [Na] , and consequently augmenting calcium influx via Na-Ca exchange, may contribute to the positive inotropic, as well as toxic, effects of the glycoside. In the studies reported here, cultured chick embryo ventricular cells were used to test the following hypotheses: 1) ouabain causes intracellular acidification as a consequence of Ca-H interaction inside the cell; 2) the intracellular acidification thus produced by ouabain leads to augmented H + efflux and sodium influx via Na-H exchange; and 3) accordingly, ouabain augments [Na], by two mechanisms: decreased sodium efflux via the sodium pump and increased entry of sodium via Na-H exchange.
Materials and Methods

Tissue Culture
Monolayer cultures of spontaneously contracting chick embryo ventricular cells were prepared as de-scribed previously. 16 Briefly, hearts of 10-day-old chick embryos were removed and placed in Ca 2+ -and Mg 2+ -free Hanks' solution (Gibco Laboratories, Grand Island, N.Y.). Ventricular muscles were cut into small fragments (less than 0.5 mm 3 ) and individual cells were isolated with trypsin (0.025% w/v at 37° C. Cell suspensions from each dissociation cycle were placed into 10 ml of cold trypsin inhibitor solution (50% heat-inactivated fetal calf serum and 50% Ca 2+ -and Mg 2+ -free Hanks' solution). This cell suspension was centrifuged at 1,000 rpm for 10 minutes. The pellet was resuspended in culture medium containing 6% heat-inactivated fetal calf serum, 40% Ml99 with Hanks' salt, 0.1% penicillin-streptomycin solution, and 54% balanced salt solution. Balanced salt solution contained (in mM): NaCl 116, NaHjPO, 1.0, MgSO 4 H 2 O 0.8, KC1 1.18, NaHCO 3 26.2, CaCl 2 0.87, and glucose 5.5. The final concentrations of K + , Na + , and Ca 2+ in culture medium were 4.0, 137, and 0.97 mM, respectively. The cell suspension was diluted to 5 X 10 5 cells/ml and placed in plastic petri dishes (100x20 mm, Falson Plastic Co., Los Angeles, Calif.). The culture dishes contained 25 mm circular, or 12 mm X 30 mm rectangular, glass coverslips that were used in ion flux and fluorescence measurement studies, respectively. Cultures were incubated in humidified 5% CO 2 , 95% air atmosphere at 37° C. Confluent monolayers in which an estimated 80% of cells exhibited spontaneous synchronous contractions developed by 3 days of incubation.
Intracellular pH Measurements
Intracellular pH (pH), was measured using the pHsensitive fluorescent dye 2',7'-bis-(2-carboxyethyl)-5(and -6) carboxyfluorescein (BCECF). Cells grown on rectangular glass coverslips were loaded with 3 piM BCECF-AM (tetraacetoxy methyl ester of BCECF) for 15 minutes at 37° C. The coverslips were washed in solution containing 5 mM HEPES CN-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) and 2% fetal calf serum and placed in a quartz cuvette, which was then placed in a SPEX Fluorolog-2 instrument equipped with thermostatted cuvette holder and a digital plotter. The bathing solution (HEPES-buffered solution) in the cuvette was gently stirred using a magnetic stirrer. The fluorescence signal was obtained from the cells with alternate (30 Hz) excitation wavelengths at 492 nm and 439 nm, and emission wavelength at 526 nm. The ratio of the emitted fluorescence signals permitted calculation of pH, independently of cell number, dye concentration inside the cell, or dye bleaching. The background fluorescence from cells not loaded with BCECF was less than 2% of the total signal from BCECF loaded cells and remained constant throughout the experimental period. The cells were equilibrated in control HEPES-buffered medium (pH 7.4; 37° C) until a steady-state signal was observed (approximately 5 minutes). The bathing medium was then quickly aspirated and new medium containing a test drug was added. The fluorescence signals were then continuously monitored. At the end of each experiment, the fluores-cence intensity ratio (492/439) was calibrated by the following protocol. The medium perfusing the cells was aspirated and HEPES-buffered medium containing 5 (JM. nigericin and 140 mM KC1 was added to the cuvette. The K + /H + ionophore nigericin allows equilibration of H + , and H + o such that pH, becomes the same as the pH of the medium. 17 Then, the solution was titrated with 0.1 M HC1 or 0.1 M NaOH over the range of fluorescence values obtained during the experiment. The pH of the solution in the cuvette was measured during this titration using a micro pH meter (Orion, Cambridge, Mass). Using this procedure, a calibration curve of fluorescence vs. pH was constructed for each sample. BCECF exhibited a linear relation between pH, and fluorescence over the pH range 6.4-7.8. BCECF-AM (3 FIM) had no significant effect on the amplitude and velocity of cell motion. The fluorescence intensity ratio signal from BCECF (5 (XM) solution was not altered by changes in [Ca] 0 in the 50 nM-10 ^iM range.
Cytosolic Free [Ca] i Measurements
Intracellular free Ca ([Ca],) was measured using the calcium-sensitive fluorescent dye fura-2. 18 Cells grown on 12 mm x 30 mm rectangular glass coverslips were loaded with 1-2 ^tM fura-2 AM in culture medium for 20 minutes at 37° C. The cells were then washed for 2-3 minutes in HEPES-buffered medium to remove extracellular and bound dye and placed into a quartz cuvette, which was then placed into the cuvette holder of a SPEX Fluorolog-2 instrument equipped with a magnetic stirrer and temperature control. Fura-2 fluorescence was measured at 340 and 380 nm (excitation) and 505 nm (emission). The relation between fluorescence ratio (340/380) and [Ca]j was obtained using the equation K (R-R 0 )/(R,-R) = [Ca] where R o is the ratio at 0 calcium and R, is the ratio at saturating calcium. K represents K d (F^FJ, where K d is the effective dissociation constant for fura-2 under appropriate experimental conditions. F o is the fluorescence at 380 nm in 0 calcium and F, is the fluorescence at 380 nm in saturating calcium solutions. R o and R, were obtained by adding 4 /i.M ionomycin and 5 mM EGTA (final) or 2 mM CaCl 2 to the cuvette containing cells loaded with fura-2. Ca-EGTA buffers were prepared according to the methods described by Fabiato and Fabiato 1920 and K d (452 nM) was determined by cuvette titration of fura-2 in the cells with the Ca-EGTA buffers. Ionomycin (4 /u.M) was subsequently added to the cuvette to allow equilibration of intracellular and extracellular calcium, and the fluorescence ratio (340/380) was obtained at various [Ca] 0 values after subtracting the background fluorescence observed in the absence of fura-2 in the cells. Fura-2 AM at 1-2 FIM decreased the amplitude of cell motion by 20-30% and had no effect on beating rate. Thus, our fura-2 loading procedure may cause slight lowering of [Ca],, assuming that fura-2 does not affect the calcium sensitivity of contractile proteins. As previously reported, 18 the fura-2 fluorescence ratio obtained from fura-2 (50 (J L M) solutions decreased slightly as pH of the medium was decreased (pH 7.4-pH 6.4). Therefore, the effect of altered pH on [Ca], may be slightly underestimated in our studies. 24 
Na Uptake
For determination of sodium uptake by cultured chick ventricular cells, glass coverslips with attached monolayers from each culture were preincubated in HEPES-buffered medium (pH 7.4) containing 5 mM HEPES, 0.9 mM CaCl 2 , 4.0 mM KC1, and 0.5 mM MgCl 2 for 10 minutes, and quickly transferred to uptake medium containing 24 Na (5 /xCi/ml). After the desired uptake period (5-30 seconds), coverslips were removed from the uptake medium and washed for 5 seconds each in three 80-ml volumes of HEPES buffered solution (pH 7.4) at 2-4° C. Cells were then scraped off the coverslips and dissolved for 2 hours in 2 ml of solution containing 1 % sodium dodecyl sulfate and 10 mM sodium borate. Aliquots of solution containing dissolved cells were assayed for radioactivity and protein content.
Cell Density Correction
To normalize the ion flux data for cell density on each coverslip, the monolayers were incubated with L-[4,5-3 H(N)]leucine (0.2 ftCVml) for 24 hours before each experiment. 3 H and 24 Na counts were simultaneously determined for each coverslip using standard double-label counting methods, allowing normalization of 24 Na content relative to milligrams cell protein for each coverslip after the relation of 3 H counts to protein content had been determined.
Miscellaneous
Protein concentration was assayed by the method of Lowry et al 21 using crystalline bovine serum albumin as standard. Hanks' salt solution, Ml99, and fetal calf serum were purchased from GIBCO, Grand Island, N.Y. All radiolabelled compounds and ions were purchased from New England Nuclear, Boston, Mass. (5-(N-Ethyl-N-isopropyl)amiloride was synthesized by the method previously described. 22 Statistical comparisons were performed using Student's t test and twoway analyses of variance.
Results
Effect of Ouabain on Intracellular pH (pH,)
It has been shown previously that cardiac glycosides (10 (J.M strophanthidin) or low potassium media produce intracellular acidification in cardiac muscle. 8 '9 23 Since ouabain elevates [Na],, we tested the hypothesis that ouabain-induced acidification is due in part to augmented H + influx or decreased H + efflux via Na-H exchange. The effect of ouabain on pH, was examined in the presence and absence of ethylisopropylamiloride (EIPA), a potent inhibitor of Na-H exchange. 12 Exposure of cells loaded with BCECF, a pH-sensitive fluorescent dye, to 10 /iM EIPA produced no significant changes in pH, (10 minutes). Exposure to 0.1 mM ouabain produced a gradual intracellular acidification that was complete by 3-4 minutes ( Figure 1 ). Washout of ouabain resulted in return of pH, to control levels within 3 minutes. Exposure of cells to 100 fiM ouabain and 10 /AM EIPA also resulted in a similar initial rate of intracellular acidification; however, the decrease in pH, continued to occur for an additional 3-4 minutes at a slower rate. When cells were subsequently exposed to control medium with EIPA, pH, remained at the lowered value and failed to return to control levels.
In fura-2 loaded cells, ouabain (100 /iM) increased [Ca]j eightfold compared to control, reaching steady state maximal levels by 5-6 minutes. In the presence of EIPA, ouabain increased [Ca], more slowly and the new steady-state level was reached at 9-10 minutes. The maximal level of [Ca], produced by 100 FIM ouabain was smaller (3.5-fold) in the presence of EIPA than in its absence. In calcium-free medium, ouabain failed to increase [Ca],, as would be expected. In calcium-free medium, ouabain increased cellular sodium content fivefold to sixfold compared to control (0.9 mM Ca), but failed to affect pH,. Subsequent addition of 1 mM Ca to calcium-free medium resulted in rapid intracellular acidification in the presence or absence of EIPA. Potassium-free medium produced changes in pH, similar to 100 /nM ouabain. These results suggest that ouabain-induced intracellular acidification is due to increased [Ca], and that Na-H exchange does not play an obligate role in that process. The results obtained with EIPA indicate that the intracellular acidification produced by ouabain stimulates Na-H exchange so that H + efflux is promoted. Further acidification is thus prevented but at the expense of a further increase in [Na],.
A positively inotropic but subtoxic concentration of ouabain (3 /AM) increased [Ca]j significantly (1.6-fold compared to control), but at a rate much slower (12-15 minutes to steady state) than 100 f/M ouabain. Under these conditions, ouabain failed to alter pH, measurably in the presence or absence of EIPA. To test further whether 3 fiM ouabain is able to produce intracellular acidification, the cells were allowed to equilibrate in 3 /nM ouabain in calcium-free medium for 5 minutes and then 1 mM Ca was added to the calcium-free medium. This procedure produced a more rapid increase in [Ca], ( Figure 2 ). Under these conditions, 3 /xM ouabain produced a small but readily demonstrable decrease in pH, upon addition of calcium to the ouabain-containing calcium-free medium. These results show that a positive inotropic concentration of ouabain (3 /uM) is also capable of causing appreciable intracellular acidification. The lack of apparent decrease in pH ( during a slow increase in [Ca], produced by 3 /xM ouabain is presumably due to the presence of pH, buffering and regulating systems in the cell.
Effects of Ouabain and Sodium-Free Medium on pH l
It has been suggested previously that an increase in [Ca], results in competition with H + for intracellular binding sites and thus elevates [H + ] in the cytosol. 8 "' 24 Since ouabain has been reported to augment [Ca], by increasing calcium influx and/or decreasing calcium efflux via Na-Ca exchange, 67 - 23 we tested further the Cells loaded with BCECF or fura-2 were equilibrated in HEPES-buffered medium (pH 7.4) for 10 min and then exposed to medium containing 0.1 mM ouabain with or without 10 fjM EIPA. Fluorescence intensities from cells were calibrated to indicate pH, and [Ca], (see "Materials and Methods"). Tracings typical of those from 7 experiments are shown.
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hypothesis that the increase in [Ca], is responsible for intracellular acidification and that the decrease in pH, stimulates H + efflux via Na-H exchange. To elevate [Ca],, the cells were exposed to sodium-free medium in the presence or absence of prior ouabain exposure. In the absence of 100 /iM ouabain, sodium-free medium (sodium replaced with lithium) produced an intracellular acidification of approximately 0.1 pH unit and elevated [Ca], approximately twelvefold compared to control [CaJi values (Figure 3 ). These results indicate that an increase in [Ca]; produced by exposure to sodium-free medium is associated with intracellular acidification. Subsequent pH ; recovery that occurred when cells were exposed to control medium was due to H + efflux via Na-H exchange, since EIPA prevented the rise in pH,.
When cells were exposed to 100 fiM ouabain for 5 minutes and then exposed to sodium-free (lithium) medium, a marked intracellular acidification occurred (Figure 4 ) followed by an alkalinization toward the initial pH, value. Sodium-free (sodium replaced with potassium) medium also caused a similar decrease in pH;. Under these conditions, however, the rate of return of pH, was markedly (but not completely) inhibited. Addition of sodium to the medium caused rapid alkalinization to control pH ; values ( Figure 5 ). In contrast, when sodium was added to sodium-free (potassium) medium with EIPA, recovery of pH, was markedly inhibited but not abolished (data not shown). Sodium-free (lithium) medium in the presence of 10 /iM EIPA produced changes in pH, almost identical to those produced by sodium-free (potassium) medium. These observations demonstrate the ability of Na-H exchange to regulate pHj rapidly when the cell interior is acidified.
The rise in [Ca], produced by exposure of ouabaintreated cells to sodium-free medium was significantly higher than that in control cells ( Figure 3B ) (p<0.01, FIGURE 2 . Effect of subtoxic concentrations of ouabain on pH i and [Ca]t. Cells loaded with BCECF or fura-2 were exposed to 3 yM ouabain in the presence or absence of extracellular calcium for 5 minutes. In those cells incubated without calcium, calcium was subsequently added to the calcium-free medium to a final fCa] o of I mM. Tracings typical of those from 5 experiments are shown. Qualitatively similar effects on pH -, and [Ca] i were observed with 1 \XM ouabain. . Effect of sodiumfree medium on pH, and [Ca] r Cells loaded with BCECF or fura-2 were equilibrated in HEPES-buffered medium (pH 7.4) for 10 minutes and then exposed to sodium-free medium (sodium replaced with equimolar lithium) with or without 10 fiM EIPA. When steady state pH, was reached, cells were exposed to control medium with or without 10 fjM EIPA. Top panel shows changes in pH, and bottom panel shows changes in [CaJ t . Tracings typical of those from 5 experiments are shown. n = 5) and was associated with a greater fall in pH, (p<0.0\) compared to cells studied in the absence of ouabain. The fall in pH, became progressively greater and was related to the time period of exposure of cells to ouabain over the range from 0-5 minutes, indicating a close relation between pH, and [Ca],. In all experiments, absence of calcium in the extracellular medium abolished the effect of ouabain and/or sodium-free medium on pH, ( Figure 5 ). Subsequent addition of 1 mM calcium, however, produced a rapid increase in [Ca], and decrease in pH,. Therefore, these results are consistent with the view that [Ca], exerts a short-term modulatory effect on intracellular pH.
Ca-H Interaction
The ability of increased [Ca], to cause intracellular acidification without involvement of Na-H exchange suggests that Ca-H interaction is present within the cell. 810 To examine the presence and the properties of Ca-H interaction, we studied the effect of NH 4 C1 on pH, and [Ca],. Exposure of NH 4 C1 (20 mM) rapidly alkalinized the cells, and this was accompanied by a rapid decrease in [Ca], ( Figure 6 ). During exposure to NH 4 C1, pH, gradually decreased for 4-5 minutes toward the initial pH, value, and this was accompanied by a slow increase in [Ca] , that remained significantly below the control value. Removal of NH 4 C1 caused a rapid intracellular acidification followed by a gradual rise in pH, over 4 minutes to the control pH, value, and this was accompanied by a slow increase in [Ca], over 3-5 minutes to levels slightly above the control [Ca],. Thus, the temporal relation between changes in pH, and [Ca], does not appear to be close, especially during the pH, recovery phase. If the interaction between Ca 2+ 0.1 mM ouaba1n(5 m1n) PH1 and sodium-free medium on pH t and [Ca] r Cells loaded with BCECF or fura-2 were exposed to 0.1 mM ouabain for 5 minutes and then exposed to sodium-free medium with sodium replaced with either equimolar UthJum or potassium. Tracings typical of those from 5 experiments are shown. FIGURE 6 . Effect oj NH<Cl on pH, and [Ca],. Cells loaded with BCECF orfura-2 were exposed to 20 mM NHJClfor 3-4 minutes and then exposed to control medium. Typical tracings are shown (6 experiments) .
7.1
140 irti Na + 10 uM EIPA m1n FIGURE 5 . Effect of sodiumfree and sodium, calcium-free medium on pH ( . Panel A: Cells loaded with BCECF were exposed to 0.1 mM ouabain for 5 min and then exposed to sodiumfree (potassium) medium or sodium-free (lithium) medium. As soon as pH t reached minimum value, cells were exposed to control medium (140 mM Na) with or without 10 ixM EIPA. Panel B: Cells loaded with BCECF were exposed to 0.1 mM oubain in calcium-free medium for 5 minutes, and then exposed to sodium, calcium-free medium. Tracings typical of those from 6 experiments are shown.
Effect of Ouabain on Sodium Influx via Na-H Exchange
The primary action of ouabain is to inhibit the sodium pump and, therefore, sodium efflux. Decreased sodium efflux leads to increased [Na],, which causes augmentation of [Ca], via Na-Ca exchange. This increased [Ca], then appears to be responsible for causing an increase in [H] : . In view of the aforementioned findings that ouabain-induced intracellular acidification stimulates Na-H exchange, thus blunting the further acidification shown to occur with Na-H exchange inhibition, it should follow that ouabain also promotes sodium influx via Na-H exchange. To directly test this hypothesis, the rate of 24 Na uptake by cells previously After desired periods of uptake, cells were washed and !4 Na contents determined. EIPA significantly reduced rate of 24 Na uptake only in presence of ouabain (p<0.05). For each point, n = 9, expressed as means ± SEM.
exposed to ouabain in the presence or absence of EIPA was determined. Cells were incubated in HEPES-buffered medium containing 3 fiM ouabain (subtoxic) or 100 fiM ouabain (toxic) for 10 minutes in the presence or absence of 10 /iM EIPA. Cells were then incubated in media containing 1 raM ouabain and 24 Na with or without 10 fiM EIPA. As shown in Figure 7 , exposure of cells to ouabain caused marked increases in M Na uptake rates compared to control untreated cells. The effect of 100 ^M ouabain on 24 Na uptake rate was greater than that of 3 fiM ouabain, which in turn was twofold greater than control values observed in the absence of ouabain (p<0.05). EIPA failed to alter measurably the initial rate of 24 Na uptake in control cells, but reduced it significantly in cells treated with either 100 /xM or 3 /i.M ouabain. Since M Na uptake would be expected to be sensitive to the beating rate of the cells, beating rates were measured in the presence or absence of ouabain, EIPA, or both. Exposure of cells to 1 mM ouabain did not significantly alter the beating rate (124 ± 4 vs.131 ± 5 beats per minute) within the initial 30 seconds of exposure. However, EIPA produced a 22% decrease in beating rate during the 10-minute preincubation period. Exposure of these cells to 1 mM ouabain did not further alter the beating rate during the initial 30 seconds in the continuous presence of EIPA. Therefore, the small decrease ( -1 2 % ) in 24 Na uptake in EIPAtreated cells may be attributed partly to reduced beating rate in these cells. However, die large decrease ( -34%) in 24 Na uptake produced by EIPA in ouabaintreated cells cannot be explained by the decreased beating rate alone and is likely to be due to inhibition of Na-H exchange. These results indicate that ouabain at both positively inotropic and toxic concentrations indirectly stimulates sodium influx via Na-H exchange.
Discussion
A generally accepted mechanism of action of cardiac glycosides in cardiac muscle is that drugs of this class bind to and inhibit NaK-ATPase, and, as a result, elevate [Na], and consequently augment [Ca], via Na-Ca exchange The increased cytosolic [Ca] then leads to a positive inotropic effect, or at greater degrees of sodium pump inhibition, toxic effects manifested by arrhythmias or contracture development. 37 -2627 Several recent studies indicate that the mechanism of action of cardiac glycosides clearly involves Na-Ca exchange to augment [Cajj. 727 " 29 Vaughan-Jones et al 30 have suggested that this sequence of events be modified to include Ca-H interaction, whereby an increased [Ca], causes intracellular acidification: ouabain 4 I Na pump-> | Na-Ca exchange Several studies have indicated that an increase in [Ca], produced by exposure to cardiac glycosides, potassium-free medium or sodium-free medium causes a decrease in pH,. 8911233132 A decrease in pH, has been reported to reduce the calcium sensitivity of contractile proteins, and therefore to reduce the tension development at a given level of [Ca],. 33 Therefore, the effect of ouabain on contractile state may involve at least two opposing forces: a positive inotropic effect of increased [Ca], and a negative inotropic effect of decreased pHj.
The results of our present study indicate that Na-H exchange may play an important modulatory role in ouabain-induced changes in [Na],, [Ca],, and therefore in contractile state. The following sequence of event is proposed: presence of functioning Na-H exchange compared to in its absence. In support of this view, inhibition of Na-H exchange by EIPA caused a marked reduction in cellular sodium content in the presence of ouabain, indicating that sodium influx via Na-H exchange contributed to the net rise in [Na] ; produced by ouabain. Qualitatively similar results were observed with amiloride, a less potent and specific inhibitor of Na-H exchange, in cultured chick heart cells. 38 The reduced cellular Na content was not due to inhibition of Na-Ca exchange since EIPA failed to alter Na^dependent Ca uptake in cultured chick ventricular cells (D. Kim, unpublished observation). Interestingly, a putative Na-Ca exchange inhibitor dichlorobenzamil produced a marked increase in cellular sodium content in the presence or absence of ouabain. 34 Although we have used toxic concentrations of ouabain in our experiments to produce more definitive qualitative and quantitative changes in pH,, 24 Na flux experiments (Figure 7) indicate clearly that sodium influx via Na-H exchange was increased with a positively inotropic but subtoxic concentration of ouabain (3 fiM). Lazdunski et al 12 reported a similar phenomenon with changes in extracellular pH in cultured chick heart cells. A steep relation between external pH and [Na], was found in the presence of 0.1 mM ouabain. At pH 0 6.0, [Na], was 10 mM, whereas at pH o 8.0, [Na]; was 22 mM. 35 pH 0 -dependent changes in [Na], could be abolished by 100 fjM EIPA, suggesting that the difference in [Na], at pH 0 6.0 and 8.0 was due to Na-H exchange. Thus, our results confirm an important role of Na-H exchange in the modulation of [Na], during inhibition of the sodium pump.
We were unable to detect a measurable change in intracellular pH during exposure to a positive inotropic concentration of ouabain (3 /xM) that produced a 1.6fold increase in [Ca] ,. This may be due to a relatively slow and small increase in [Ca], produced by low concentrations compared to toxic concentrations of ouabain. pH, regulating systems, both at the cell membrane and within the cell, may play a role in keeping pH, relatively constant under these conditions. pH, regulation other than by Na-H exchange appears to be occurring even in HEPES-buffered solution without bicarbonate, since EIPA could not totally block pH, recovery following intracellular acidification (see Figure 5) . When [Ca] , was made to increase more rapidly with the same positive inotropic concentration of ouabain by incubation in calcium-free medium first and subsequent addition of calcium, a demonstrable decrease in pH, was evident, although this decrease in pH, was smaller and slower than that seen with 100 /xM ouabain.
In the present study, the relation among sodium pump inhibition, Ca-H interaction, pH, and Na-H exchange were examined using HEPES-buffered medium with no bicarbonate. In bicarbonate-buffered medium, both Na-H and C1-HCO 3 exchanges have been shown to be operating in snail neurons and barnacle muscle fibers. 1415 However, Na-H exchange appears to be the predominant mechanism for H + extrusion following intracellular acidification in cultured chick heart cells, since Na-H exchange inhibition by EIPA markedly reduced the rate of pH, recovery in bicarbonate-buffered medium (D. Kim, unpublished observations). Piwnica-Worms et al 13 reported that inhibition of Cl-HCOj exchange with DIDS (4,4-diisothiocyano-2,2'-disulfonic acid stilbene) failed to affect acid-induced sodium uptake in cultured chick heart cells. Therefore, the major involvement of Na-H exchange in pH, regulation even in bicarbonate-buffered medium suggests that effects of ouabain on pH, and Na-H exchange are probably similar in HEPES-and bicarbonate-buffered media. In a few experiments we have performed using bicarbonate-buffered medium, ouabain produced changes in pH, and [Ca], that were very similar to those observed in HEPES-buffered medium. Since C1-HCO 3 exchange is also coupled to sodium movement, however, the ouabain-induced increase in [Na], may be augmented in a minor way by C1-HCO 3 exchange system in a bicarbonate-buffered medium.
Ouabain or Na o -free medium caused intracellular acidification only in the presence of extracellular calcium, indicating that calcium entry (via Na-Ca exchange) is necessary to produce a decrease in pH, under these conditions. The degree of intracellular acidification observed was dependent on the level of [Ca], rise, consistent with the presence of Ca-H interaction within the cell. The lack of effect of removal of extracellular sodium on pH, in the absence of extracellular calcium has also been observed in sheep cardiac Purkinje fibers .'' Under the conditions of our experiments, EIPA failed to affect ouabain-or Na o -free medium-induced intracellular acidification, although EIPA markedly inhibited the subsequent pH, recovery. Therefore, the intracellular acidification produced by ouabain or low Na 0 medium is mediated primarily via Na-Ca exchange. The intracellular acidification produced by ouabain or Na-free. (lithium) medium appears to be attenuated by rapid efflux of H + via Na-H exchange (see Figures 1 and 3) .
The [Ca],-induced intracellular acidification has been attributed to Ca-H interaction within the ce rj 9-ii.36.37 However, Ca-H interaction within the cell does not appear to be simply a competition between Ca 2+ and H + at mutual binding sites. Although sodium-free medium (lithium) produced a sustained increase in [Ca], in ouabain-treated cells, pH ; decreased initially but returned quickly toward the control value. This recovery of pH, was not associated with a decrease in [Ca],, as would be expected if competitive binding sites of Ca 2+ and H + were the operative mechanism. Furthermore, NH 4 Cl-induced changes in pH, were not temporally closely related to changes in [Ca],, although alkalinization and acidification were generally associated with decreases and increases in [Ca], respectively. It is possible that other cations such as Na + modulate the effect of [Ca], on pH : or that intracellular organelles, e.g., mitochondria, influence the process.
In conclusion, we present evidence here that ouabain stimulates Na-H exchange by the following se-quence of events. Ouabain first increases [Na], by inhibition of sodium pump; this in turn augments [Ca], via Na-Ca exchange. The elevated [Ca], causes intracellular acidification by causing release of H + from intracellular sites. Increased [H + ], stimulates H + efflux and Na + influx via Na-H exchange to modify [Na], and pH,. The additional changes in [Na], and pH, produced as a result of increased Na-H exchange may well contribute to the positive inotropic and toxic actions of cardiac glycosides.
